INTRODUCTION
Mineral wool is a fibrous material commonly used for thermal and acoustic insulation and can be divided into subtypes such as the rock wool and the glass wool. Mineral wool production process is highly complex, consisting of several different production phases. Sufficient understanding and control of each phase is required in order to optimize the properties (e.g. thermal conductivity, homogeneity and mechanical properties) and production costs of the end products.
Production phases which most significantly affect the mineral wool quality are the melt fiberization on the spinning machine, fiber pneumatic transport and primary layer formation in the collecting chamber [1] . Two most commonly used spinner geometries are solid spinning wheels, used mainly for rock wool production, and hollow perforated rotors, used for glass wool production. The melt fiberization process was a subject of several experimental and numerical studies for both solid wheel spinners (Czygany et al. [2] , Vad and Morlin [3] , Zhao et al. [4] ) and perforated rotors (Panda et al. [5] , Mukundan and Panda [6] , Marheineke and Wegener [7] , Marheineke et al. [8] , Qin et al. [9] and [10] , Kraševec et al. [11] ).
Fiber formation phase is followed by pneumatic transport of fibers in the blow-away flow to the collecting chamber where a primary layer of mineral wool is formed [1] . A good quality primary layer is defined by a low degree of spatial fluctuations in thickness and density of the fiber deposit, and is very important for achieving optimal insulation and mechanical properties of the end products. Due to the high complexity and multiphase nature of the flow, experimental investigation of the primary layer formation is difficult and mostly limited to the measurement of aerodynamic characteristics and flow visualization.
The transport of fibers in an axial airflow was modeled numerically by Lin et al. [12] and experimentally by Capone et al. [13] and Qi et al. [14] . In all of these studies, fibers had a relatively low aspect ratio (i.e. length to diameter ratio) and were treated as rigid bodies. On the other hand, mineral wool fibers typically have aspect ratios in excess of 1000 [1] , leading to complex 3D flows with mutual intertwining and breakage of fibers. Consequently, the spatial structure of the fiber primary layer deposited on the accumulation grid may show significant inhomogeneities. Also, the newly formed primary layer can be damaged (torn apart and moved) by the flow of the blow-away air onto the accumulation grid. Širok et al. [1] showed that a reduction in air velocity extremes and gradients on the accumulation grid improves the quality of the mineral wool primary layer as the tearing and redistribution of the layer is largely reduced. The measures proposed so far to improve the velocity distribution include the addition of centrifugal rotors to the spinner wheels and modifications to the collecting chamber geometry [1] . However, further optimization and efficient real-time control of the primary layer formation require an accurate model of the process. Due to the process complexity and dependence on many operating parameters, only integral-level models were formed so far [1] , proving only partly successful for this purpose.
To overcome the complexity of the industrial mineral wool production environment and the limited range in which the operating parameters can be varied, we have developed a model spinning machine similar to the glass wool spinners. The primary layer was analyzed by a visualization method, and its quality was characterized by multiple regression models. This paper is organized as follows. The Methods section presents the theoretical background of the mineral wool primary layer formation and the layer visualization method used in our experiments. In the Experimental section, the model spinning machine and the corresponding measurement setup will be introduced whereas the Discussion section will present qualitative and quantitative results of visualization image analysis.
THEORETICAL BACKGROUND
The primary layer formation process is an important part of the mineral wool production line (see Fig. 1 for an example of a rock wool production line). Mineral melt is prepared in the melting furnace from which it first enters the melt reservoir and is then supplied to the spinning machine in form of a free falling melt stream. In a rock wool production line, the melt typically impinges on a mantle surface of one or more spinning wheels, forming a film which continuously disintegrates into liquid ligaments. In manufacturing of glass wool, the fiberization process is different as the melt stream flows inside a spinning perforated rotor, forming a film on its internal mantle surface. Under the action of centrifugal force, melt film is then extruded through the perforations to form ligaments. Nevertheless, the phase following the ligament formation is similar for both spinner designs. Shortly after formation, melt ligaments solidify to fibers and are impregnated by the binder liquid. The fibers then enter the coaxial blow-away airflow (also known as the primary flow) and detach from the spinning machine, forming complex multiphase flow structures. The blow-away flow with fibers enters the collecting chamber while its velocity is reduced from an initial magnitude in excess of 100 m/s to below 10 m/s. Apart from the blow-away flow, the suction flow (also known as the secondary flow) is also present in the collecting chamber to allow the fibers to settle on the accumulation grid and thus form the primary layer. The layer is then compacted by several mechanical processes and is sent to the curing chamber where binder polymerization occurs.
The exact mechanism of the primary layer formation, including the fiber pneumatic transport, breakage and settling on the accumulation grid, is still largely unknown due its complexity and difficulty in observation on smaller length scales. While the primary layer quality control on industrial production lines is still mostly manual [1] , there have been several attempts to quantitatively characterize the primary layer quality for the purpose of process automation. The most commonly used measurement method is the camera visualization of the mineral wool primary layer. A sample primary layer image is shown in Fig.  2 . A good quality primary layer is characterized by a homogeneous structure of the fiber deposit ( Fig.  2a) whereas an inhomogeneous structure with large variations in thickness and density indicates a poor quality of the primary layer. Apart from the qualitative analysis, quantitative formulations based on the image gray level can be used to analyze the homogeneity and texture of visualization images. Blagojević et al. [15] used a multiple regression model to predict the primary layer homogeneity. The same kind of visualization setup was also used by Bajcar et al. [16] and was followed by a computational fluid dynamics (CFD) analysis of the problem, confirming a significant effect of the local aerodynamic characteristics on the primary layer formation. Apart from the camera visualization, another possible method of primary layer structure analysis is by X-ray scanning, which is used mostly in the glass wool industry [11] and [17] , although very little research work has been published so far. The method is based on radiation absorption and allows for the measurement of local primary layer densities, unlike the visualization method used in references [15] and [16] , which can only provide information about the layer surface dynamics. To overcome the technical and confidentiality constraints of the industrial environment, a model study using the light absorption method is viable.
Based on the overview of the available literature, the area density µ and the bulk density ρ were determined to be the most representative primary layer properties in our experiments. To measure µ and ρ, a measurement setup with a visible light camera and lighting source was used so that the fibers were illuminated from behind. Similarly to the X-ray measurement method [11] and [17] , which is impractical for small-scale lab experiments, the calculations of µ and ρ were performed based on the measured light absorption ratio I / I 0 (Fig. 3) . 
In the next step, the total volume V of the primary layer can be calculated by surface integration of h; Eq. (3).
For a known primary layer mass m (determined by weighing or other methods), the mean bulk density of the layer ρ can now be calculated as:
Another characteristic primary layer property is the local area density µ and its normalized standard deviation σ µn :
Alternately, the area density can be calculated directly from the Beer-Lambert law using the mass attenuation coefficient α m (Eq. (7)). However, α m is significantly more difficult to measure than α, making such calculation approach impractical unless α m is already known.
Note that listed calculation procedures assume a stationary accumulation grid. In the case of a moving grid, mass and volume would be replaced with their temporal derivatives (i.e. flows).
EXPERIMENTAL WORK
Experiments were conducted on a model spinning machine with a hollow perforated rotor and a vertical collecting chamber (Fig. 4a) . The spinning machine used was basically a modified version of a cotton candy machine The Breeze 3030EX [18] . The rotor with 70 mm radius (Fig. 4b) had an integrated heater and was supplied with crystalline sucrose prior to each experiment. During the spinner operation, sucrose was melted by the heater at a rate of approximately 0.75 g/s while the rotor rotational speed was regulated by a single-phase variable frequency drive (VFD) in a range between 40 Hz and 50 Hz. Coaxial blow-away airflow was supplied through 45 circular nozzles (1 mm diameter, 5 mm length) evenly distributed around the supply ring on a radius of 80 mm. The blow-away flow was regulated by a valve so that the overpressure in the supply ring Δp was between 0 kPa and 50 kPa.
The spinning machine was placed inside a vertical collecting chamber with a circular cross section (0.63 m in diameter) and a transparent wall. Secondary (i.e. suction) airflow was generated by a 7-blade axial fan powered by a three-phase VFD. The fan was placed on top of the collecting chamber immediately after the horizontal accumulation grid. VFD power supply frequency was varied between 0 Hz and 40 Hz, which resulted in fan rotational speeds between 0 Hz and 18.4 Hz.
About 40 seconds after the start of the spinner and air supply operation, fibers started to appear on the spinner rotor and were blown to the collecting chamber. After additional 10 s to 30 s, the heater was turned off, and upon the end of fiber formation, rotor and airflows were stopped. Then, the fiber primary layer was photographed, removed from the accumulation grid and weighed, with mass being an additional parameter (range between 7 g and 33 g). A list of operating points is provided in Table 1 , along with the layer bulk and area density computed by Eqs. (4) and (5), respectively.
Note that the volume flow rates in Table 1 are given for the mean atmospheric conditions during our measurements: 23 °C temperature, 98.6 kPa absolute pressure and 29 % relative humidity.
In each of the operating points listed in Table  1 , primary layer was visualized as follows. After stopping the spinner operation, the suction fan was removed and the primary layer was illuminated from above by diffuse light. A camera (Casio EX-F1) was 
Fig. 4. Experimental setup; a) spinner operation; b) spinner head (detail); c) primary layer visualization
placed underneath the accumulation grid and an image of the layer was taken (Fig. 5 ) using manual aperture and shutter time settings (f /7.5 and 0.08 s, respectively). For reference, the background (grid without fibers) was also photographed using the same visualization setup. Images were then processed by the method presented in section 1 so that the bulk and area density (Fig. 5b) was calculated. Also, the maximum thickness of the primary layer was manually measured (Fig. 5c ) and used in Eq. (1) to obtain the attenuation coefficient α. The value α ≈ 0.17 m -1 was obtained for all operating points (OP) except OP 20, where α = 0.35 m -1 was determined. This was most likely due to the more compact primary layer in OP 20 caused by a much higher suction flow rate. 
Qualitative and Quantitative Properties of the Primary Layer
Spinning machine operating parameters were varied in a wide range (Table 1 ) and produced distinct forms of the sucrose primary layer (Fig. 6) . Primary layer mass distribution in Fig. 6 shows a significant effect of all operating parameters varied in the experiments. An increase of the spinner rotational speed (OP 13 and 4 represent f c = 40 Hz and f c = 50 Hz, respectively) increases the primary layer area due to the larger centrifugal forces which widen the fibrous flow. At the same time, the layer becomes more uniform (note a reduction in σ µn ; Table 1 ).
An even greater effect on the primary layer structure can be seen with regard to the airflow characteristics. In Fig. 6 , the effect of the blowaway pressure (and consequently, flow rate) is seen by comparison of plots for OP 9, 6 and 3b, where Δp was 0 kPa, 20 kPa and 50 kPa, respectively. When the fibers are transported only by the suction flow (OP 9, Δp = 0, Q p = 0), the primary layer is asymmetrically shaped and scattered across the large portion of the accumulation grid. In this operating mode, large chunks of fiber wool were observed on the grid, leading to an unwanted inhomogeneity in the layer structure. As the blow-away pressure was raised towards 50 kPa (OP 4 and 3b), the primary layer shape became more axissymmetric and with fewer visible inhomogneities. However, the layer became pile-shaped with a large thickness in the center, and its mean bulk density slightly increased. Such pile formation is unfavorable as the layer thickness should be as uniform as possible, but could largely be avoided by using a moving mesh. Apart from the primary flow, the secondary (suction) flow also has a large effect on the quality of the primary layer. When the suction flow is not present and pneumatic transport depends entirely on the blow-away flow (OP 19, f s = 18.4 Hz), the fibers may still reach the accumulation grid, but the flow is unstable and the primary layer can form far from the grid center. An increase in the suction flow rate, as clearly shown by data for the operating points 4 and 6 (f s = 7.0 Hz and f s = 11.4 Hz, respectively), causes the primary layer to shrink in area while its bulk density increases. If the suction flow rate is further increased (OP 20, f s = 18.4 Hz), the layer bulk density rapidly increases while the area density distribution becomes practically axissymmetric. This is partly due to the fact that at larger Q s , the pressure drop over the primary layer rises, resulting in a more intense layer compression.
Another contributing factor to the large bulk density in OP 20 was a relatively large primary layer mass (m = 33.0 g), which, due to the larger quantity of fibers, reduced the permeability of the accumulation grid and thus further increased the pressure drop over the layer. In OP 3c where the mass of the primary layer is similar (m = 30.0 g), the spatial distribution and maximum of μ is comparable to OP 20, but the bulk density is about 50 % lower, meaning that the layer is much less compact. For comparison, the layer bulk density in operating points 3a, 3b and 3c only varies by 28 % despite the mass range of approximately 1:3 (ρ rises monotonously with m, though). This suggests that the bulk density more sensitive to the suction flow rate than the primary layer mass, but both parameters are significant.
Due to the specific experimental setup (i.e. stationary accumulation grid) it is important to note that the primary layer formation is a transient process. The layer mass (or equally, fiber deposition time) is analogous to the combination of the fiberization mass flow and the accumulation grid velocity in a typical mineral wool manufacturing process.
Multiple Regression Models
Based on the results presented in the previous subsection, we suspect a strong correlation between the characteristic properties of the primary layer (ρ and σ µn , Table 1 ) and the process input parameters (f c , Q p , Q s , m). This hypothesis will be confirmed by the following power law multiple regression models: 
The exponents a 0 to a 4 and b 0 to b 4 were determined by fitting of the power law models in Eqs. (8) and (9) to data in Table 1 (data was inserted in units given in the Nomenclatures section). Operating points with Q p = 0 or Q s = 0 were excluded from the model to avoid singularities. These points were only intended to demonstrate the most extreme operating conditions unsuitable for an industrial manufacturing process.
For Eq. (8) 
The goodness of fit of these regression models can also be shown graphically, Figs. 7 and 8. It is evident that most of the measurements are in a good agreement with the model. The model in Eq. (10) indicates that the bulk density of the primary layer increases with the flow rate of the blow-away and suction air as well as with the layer mass. As said, this can be explained by layer compression due to increased pressure drop over the accumulation grid. On the other hand, ρ falls with rotational speed of the spinner rotor as fiber centrifugal forces are increased, scattering fibers to a larger area. Consequently, the layer thickness is reduced, leading to a reduction of the pressure drop across the accumulation grid.
Fig. 8. Correlation between measured and modeled values of σ µn
In comparison with Eq. (10), the exponent values in the model for σ µn (Eq. (11)) are very different. σ µn decreases with the spinner rotational speed, which can again be explained by the scattering of the fibers over a larger area, resulting in a primary layer of a more uniform thickness. However, σ µn also decreases with the primary layer mass as the layer structure becomes more and more homogenous when it grows in thickness. On the other hand, σ µn seems to slightly rise with both blow-away and suction flow rate. This is most likely due to the fact that an increase in Q p and Q s results in a more axissymmetric primary layer formation. This may (under certain conditions) contribute to formation of piles on the accumulating grid, and σ µn increases due to variations in the primary layer height rather than structural inhomogeneities.
